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合金具有一定的磁性能，CoFeP 合金具有优异的磁性能，而 NiZnP 合金具
有突出的耐腐蚀性能。本文提出以柠檬酸钠为络合剂，硼酸为缓冲剂在弱
碱性介质中化学沉积 NiFeP、CoFeP 和 NiZn(Fe)P 合金的方法，和文献中的





采用振动样品磁强计研究了 NiFeP 和 CoFeP 合金的磁性能与沉积条件的关
系以及热处理对 NiFeP 合金磁性能的影响；采用浸泡实验、电化学方法、






镀层组成的影响。实验表明，在一定 pH 值范围内提高镀液 pH 值有利于加



















沉积过程中 NiFeP 和 NiZn(Fe)P 合金镀层组成的变化很小，但 CoFeP
合金在沉积过程中组成变化显著。借助化学沉积过程次亚磷酸钠浓度的连
续自动降低，制备了镀层组成呈梯度分布的 CoFeP 合金。 
镀液 pH 值和主盐摩尔比对多元合金镀层的表面形貌影响显著,但对镀
层的结构影响不大。镀态NiFeP合金呈非晶态结构或微晶结构，而NiZn(Fe)P
和 CoFeP 合金为晶态结构。 
 




Ni68.0Fe10.5P21.5 合金在 370.0℃下热处理时出现 Ni3P 相（I-4），495℃下
晶化生成 FeNi3 相（Pm3m）。而 Ni68.6Fe9.6P21.8 合金在 367.6℃下热处理时出
现亚稳态 Ni5P2 相（P3）和 Fe-Ni 相 (Im3m)，499.2℃下热处理进一步晶化为
稳定的 Ni3P 相（I-4）和 FeNi3 相（Pm3m）。Ni67.2Zn14.1(Fe2.8)P15.9 合金在 384.8




热处理后，镀层晶化生成了许多排列均匀、粒径小于 10 nm 的纳米晶粒；
而经过 500℃热处理的镀层生成了粒径为 20～40 nm 的纳米晶粒；经过 600
℃热处理后晶粒进一步变大，粒径达 0.1～0.3 μm。在 500℃下热处理镀层，
随着热处理时间增加，镀层的晶化越完全。据此，通过控制在 500℃下热处
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热处理能显著提高 NiFeP 和 NiZn(Fe)P 镀层的硬度，但热处理温度高
于 500℃，反而会导致镀层硬度降低。 
 
3.NiFeP 和 CoFeP 合金的磁性能 
NiFeP 和 CoFeP 镀层的磁性能与沉积条件密切相关。一般地，随着镀
层中铁含量的增加（同时镍或钴含量降低），镀层的饱和磁化强度和剩余磁
化强度增加。CoFeP 合金的磁性能远优于 NiFeP 合金。 
Ni68.0Fe10.5P21.5 和 Ni68.6Fe9.6P21.8 合金的磁参数（饱和磁化强度、剩余磁
化强度和矫顽力）均随着热处理温度的升高而提高；经 500℃处理后合金的
磁参数达到最大；热处理温度太高，磁参数反而有所降低。发现




4. NiZn(Fe)P 合金的表面状态及耐腐蚀性能 
Ni67.2Zn14.1(Fe2.8)P15.9 镀层表面的镍、锌、铁和磷元素主要以高价（即
Ni2+、Zn2+、Fe3+和 P5+）的氢氧化物、氧化物和磷酸盐的形式存在。该合金
镀层在空气中放置由于氧化表面生成了厚度约 0.4～0.6 nm 的表面层（膜）。
镀层体相中少量 Zn 以正二价形式存在，其它元素基本上以 0 价存在。 
在 NaCl 溶液中随着极化电位的升高，Ni67.2Zn14.1(Fe2.8)P15.9 镀层表面元
素 的 高 价 化 合 物 含 量 越 高 ， 同 时 单 质 态 元 素 的 含 量 越 低 。

















层表面晶界处或缺陷处（如裂缝或气孔等）微晶相 NiZn 中 Zn 的优先溶解，
接着发生立方相 Ni 的溶解，形成 Zn 和 Ni 的氧化物或氢氧化物等难溶性产
物；随着极化的进行，然后发生非晶相 NiP 的溶解，形成 Ni 的氧化物、氢
氧化物和磷酸盐，这些难溶性产物覆盖在镀层表面，造成镀层钝化。因此，
镀层的阳极极化表现为晶间腐蚀行为。 
研究了 Ni67.2Zn14.1(Fe2.8)P15.9 镀层在 NaCl 溶液中的腐蚀行为，该镀层
在空气中浸泡 NaCl 溶液后，NaCl 会促进镀层的氧化并形成钝化膜，该膜
主要由 Ni2O3 以及少量的高价铁化合物[如 Fe2O3、Fe(OH)3 和 FePO4]和高价
锌化合物[如 Zn(OH)2 和 Zn3(PO4)2]组成。该镀层在 NaCl 溶液中具有较好的
耐腐蚀性能与钝化膜的阻隔作用有关。 
在 3.5 Wt％ NaCl 溶液 (pH 7.0)中，锌含量越高（镍含量越低）的
NiZn(Fe)P 镀层耐腐蚀性越好。Ni67.2Zn14.1(Fe2.8)P15.9 镀层在镀态时比经热处
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Electroless multi-alloy deposits are attractive in recent year because of their 
special properties. For example, electroless NiFeP alloy is magnetic, CoFeP 
alloy has outstanding magnetic performances, and NiZnP alloy possesses 
excellent corrosion resistances. In this work, new basic baths for preparing 
electroless NiFeP, CoFeP and NiZnP alloys have been proposed, where sodium 
citrate was used as a complexing reagent, boric acid as a buffer reagent.  It is 
illustrated that these plating baths can promote the content of the third element 
Fe or Zn in the deposits and do not bring about the production of stimulant gas 
during plating process. The effects of bath compositions and plating conditions 
on the plating rate and the composition of the deposits have been explored. The 
mechanism of the electroless plating NiFeP alloy，and the role of the third 
component during the electroless nickel deposition process have been 
investigated. The crystallization behaviors and the microstructures of NiFeP and 
NiZn(Fe)P alloys have been studied  by various techniques such as scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 
diffraction (XRD), differential scanning calorimetry (DSC), etc. The relationship 
between magnetic performances of NiFeP or CoFeP alloy and plating conditions 
has been investigated by the vibrating sample magnetometer (VSM), and the 
effect of heat treatment on the magnetic performances of NiFeP alloy has also 
been studied. The corrosion resistance properties of the NiZn(Fe)P deposit in 
sodium chloride solution has been examined by anodic polarization, X-ray 
photoelectron spectroscopy (XPS), scanning electron microscopy. Main results 
















1.Effect of plating conditions on the plating rate, the composition 
and the structure of the electroless multi-alloy deposits 
  The effects of pH of the bath, the mole ratio of main salt (Ni2+ or Co2+) with 
the third component (ferrous sulphate or zinc sulphate), the temperature, and the 
concentration of sodium hypophosphate and sodium citrate on the plating rate 
and the composition of the deposits have been studied. In certain range of the 
batn pH, the increase of the bath pH will promotes the deposition, and raises the 
content of Fe or Zn in the deposits, while it decreases slightly the content of P. In 
the electroless nickel deposition, zinc sulphate affects both the cathodic and the 
anodic reaction, and therefore, the dominating process changes from the anodic 
reaction to the cathodic reaction. In the electroless multi-alloys, Fe2+ and Zn2+ 
ions in the bath will decrease the plating rate, and can be co-deposited with 
nickel and cobalt, respectively. The mechanism of this co-deposition for the 
multi-alloys belongs to the inductive co-deposition. The concentration of sodium 
hypophosphate and sodium citrate, and the temperature affect the plating rate, 
but the effect of them on the composition of the nickel based multi-alloy 
deposits is comparatively less. The apparent activation energies for the 
electroless multi-alloys deposition were measured. 
The composition of NiFeP and NiZn(Fe)P deposits during the electroless 
plating process is almost unchanged, but that of CoFeP deposit varies 
remarkably. As a result, the CoFeP alloy of gradient composition has been 
prepared successfully by automatically decreasing of concentration of NaH2PO2. 
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influence on the surface morphology of the multi-alloys, but less influence on 
their structure. NiFeP alloys are amorphous, while NiZn(Fe)P and CoFeP alloys 
plated in all conditions are crystalline.  
 
2.Effect of heat treatment on the microstructure of electroless 
NiFeP and NiZn(Fe)P alloys 
It was found that the strong exothermic peak in DSC curves shifts to high 
temperature region with the increase of Fe content (with the decrease of Ni 
content) in NiFeP deposits, indicating that the more the Fe content is, the better 
the thermal stability of the deposit is. 
The Ni68.0Fe10.5P21.5 alloy was transformed into the square Ni3P phase at 370.0
℃, and then changed into the cubic FeNi3 phase at 495.0℃. The Ni68.6Fe9.6P21.8 
coating was firstly crystallized into the meta-stable Ni5P2 (P3) phase and the 
Fe-Ni (Im3m) phase at 367.6℃, and subsequently transformed into the stable 
Ni3P (I-4) phase and the FeNi3 (Pm3m) phase at 499.2 ℃ . The 
Ni67.2Zn14.1(Fe2.8)P15.9 alloy was crystallized into the Ni3P (I-4)and Ni5Zn12 (
34 m
I ) 
phases at 384.8℃. 
The as-plated Ni68.0Fe10.5P21.5 deposit surface has compact particles. At 400℃, 
very fine crystallites ( the diameter of grains below 10nm ) were produced in the 
particles. The size of crystallites grew to 20~40 nm at 500℃. When the heat 
treatment temperature was increased to 600℃, the size of crystallites reached a 
maximum value, and the diameters range from 0.1 μm to 0.3 μm. The longer the 
heat treatment time at 500℃ is, the more complete the crystallinity of the 















controlling the heat treatment time at 500℃. The as-plated NiZn(Fe)P deposit 
has some round grains, while the deposit after heat treatment has a lot of round 
grains, which might be produced by heat treatment. 
The microhardness of the nickel based multi-alloys was greatly increased by 
the heat treatment. However, when the temperature of the heat treatment is 
higher than 500℃, the microhardness decreased. 
 
3.The magnetic performances of NiFeP and CoFeP alloys 
The magnetic performances of NiFeP and CoFeP deposits depend on the 
plating conditions, and improve with the increase of the Fe content in deposit 
(with the decrease of the Ni or Co content). 
  The magnetic performances of Ni68.0Fe10.5P21.5 and Ni68.6Fe9.6P21.8 alloys 
increased with the increase of the heat treatment temperature and reached a 
maximum value at 500 ℃ , while they decreased at the heat treatment 
temperature over 500℃. With the increase of heat treatment time at 500℃, the 
magnetic performances of the Ni68.0Fe10.5P21.5 alloy increased, reached a 
maximum value after heat treatment 40 min, and then, it decreased. The 
experiment has further confirmed that the nano-composite of NiFeP alloy 
possesses the best magnetic performances. 
 
4.The surface states and the corrosion resistances of NiZn(Fe)P 
alloys 
Each element on the surface of Ni67.2Zn14.1(Fe2.8)P15.9 deposit mainly exists in 
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layer of the deposit was oxidized when the deposit was exposed in air, with the 
thickness about 0.4～0.6 nm. In bulk of the deposit, Zn is partially in +2 valence, 
while the other elements basically is in 0 valence. 
The more positive the anodic polarization potential is, the more the high 
valence of the elements and the less 0 valence of the elements on the surface of 
Ni67.2Zn14.1(Fe2.8)P15.9 deposit is. The anodic polarization process of 
Ni67.2Zn14.1(Fe2.8)P15.9 deposit in NaCl solution is composed of the dissolving 
process at first, then the dissolving-passivated process and finally the passivated 
process. Ni67.2Zn14.1(Fe2.8)P15.9 deposit in anodic polarization process in NaCl 
solution behaves the crystal boundary corrosion mechanism: Zn of 
micro-crystallite phase NiZn, which located in the phase boundary or 
disfigurement place, such as, cracks and gas holes, was preferentially dissolved; 
then Ni was dissolved; both of them were oxidized to form un-resolvable oxide 
and hydroxide. With the polarization carrying through, the amorphous phase NiP 
was dissolved to produce un-resolvable oxide, hydroxide and phosphate. These 
products could cover on the deposit surface and form the protecting film, which 
prevented from dissolving the deposit and passivated the deposit. Therefore, the 
deposit exhibited the crystal boundary corrosion behavior.  
The corrosion behavior of Ni67.2Zn14.1(Fe2.8)P15.9 deposit in 3.5 wt％ NaCl 
solution  (pH 7.0) was investigated. NaCl solution could accelerate the 
corrosion of the deposit and formed the passivated film. It was found that the 
components of the passivated film were mainly Ni2O3 and some of high valence 
of Fe of oxide, hydroxide and phosphate, and high valence of Zn of hydroxide 
and phosphate. The corrosion resistance of the deposit relates to the passivated 















The corrosion resistances of NiZn(Fe)P deposits have been evaluated by 
immersion tests and anodic polarization experiments in 3.5 wt％ NaCl solution 
(pH 7.0). The more the Zn content (the less Ni content) in NiZn(Fe)P deposit is, 
the better the corrosion resistance of the deposit is. The as-plated 
Ni67.2Zn14.1(Fe2.8)P15.9 deposit has more corrosion resistance than that of the 
deposit after heat treatment. The NiZn(Fe)P deposits in 5.0 Wt % NaOH 
solution have better corrosion resistance. 
 
Keywords: 
Electroless nickel deposition; Multi-alloy; Crystallization behavior; Corrosion 
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